Strategies and data analysis techniques for lipid and phospholipid chemistry elucidation by intact cell MALDI-FTMS  by Jones, Jeffrey J. et al.
Strategies and Data Analysis Techniques
for Lipid and Phospholipid Chemistry
Elucidation by Intact Cell MALDI-FTMS
Jeffrey J. Jones, Michael J. Stump, Richard C. Fleming,
Jackson O. Lay, Jr. and Charles L. Wilkins
Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas, USA
Ions attributed to lipids and phospholipids are directly observed by desorption from whole
bacteria using intact cell (IC) matrix-assisted laser desorption-ionization (MALDI) Fourier
transform mass spectrometry (FTMS). Saccharomyces cerevisiae are grown in rich media broth,
concentrated, and applied directly to the MALDI surface without lysis or chemical treatment.
FTMS of MALDI ions gives excellent signal to noise ratios with typical resolving powers of
90,000 and mass precision better than 0.002 Da. Use of accurate mass measurements and a
simple set of rules allow assignment of major peaks into one of twelve expected lipid classes.
Subsequently, fractional mass versus whole number mass plots are employed to enhance
visual interpretation of the high-resolution data and to facilitate detection of related ions such
as those representing homologous series or different degrees of unsaturation. This approach,
coupled with rules based on bacterial biochemistry, is used to classify ions with m/z up to
about 1000. Major spectral peaks in the range m/z 200–1000 are assigned as lipids and
phospholipids. In this study, it is assumed that biologically-derived ions withm/z values lower
than 1000 are lipids. This is not unreasonable in view of the facts that molecular weights of
lipids are almost always less than 1000 Da, that the copy numbers for lipids in a cell are higher
than those for any single protein or other component, and that lipids are generally collections
of distinct homologous partners, unlike proteins or other cell components. This paper presents
a new rapid lipid-profiling method based on IC MALDI-FTMS. (J Am Soc Mass Spectrom
2004, 15, 1665–1674) © 2004 American Society for Mass SpectrometryMass spectrometry is increasingly used as a toolin biological analysis [1]. The methods ofmatrix-assisted laser desorption-ionization
(MALDI) [2, 3] and electrospray ionization (ESI) mass
spectrometry have contributed significantly to under-
standing biological systems [4]. Microorganisms are
extensively studied by MALDI-TOF mass spectrometry
[2, 3, 5] and, more recently, high resolution MALDI-
FTMS [6, 7]. With FTMS, resolving powers on the order
of 90,000 are typical for ions below m/z 1000 and allow
accurate mass assignments of 10 ppm or better. In other
work, intact organisms were examined for lipid content
using secondary ion mass spectrometry [8]. A straight-
forward approach to the analysis of complex mass
spectra of phospholipid compounds desorbed directly
from whole cell bacteria by MALDI-FTMS is discussed
here.
Lipids and phospholipids are among the major com-
ponents that can be observed in MALDI-Fourier trans-
form mass spectrometry experiments when ions from
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9]. Lipids and phospholipids are significant compo-
nents of all biological cell membranes and are a class of
molecules that outnumber proteins and genetic se-
quence material as cell membrane components [10]. An
important factor in mass spectrometry of such com-
pound is that ionization efficiencies for phospholipids
depend primarily on the hydrophilic head groups that
distinguish each of the lipids. Marto and coworkers [11]
investigated MALDI-FTMS of pure phospholipid sam-
ples with attention to their fragmentation patterns and
MALDI mass spectral identification, emphasizing struc-
tural characterization.
Lipids comprise a family of biomolecules that play
prominent roles in many critical metabolic and bio-
chemical processes such as energy production and
storage, the formation and functioning of cellular mem-
branes, and signal transduction [12]. Lipid analysis,
referred to as lipidomics [13], aims at understanding the
implications of lipid diversity and how regulation of
lipids affects cellular functions. Lipid and phospholipid
compositions can change dramatically as a result of
environment and cellular activity, with the consequence
that phospholipid analysis might be less reliable and
inherently more complicated than proteomics for taxo-
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fatty acid methyl ester analysis (FAME) to characterize
the lipid fraction of cell membranes is currently imple-
mented with GC/MS as a routine approach to bacterial
analysis [15, 16]. Analysis of pyrolysis products of
bacterial whole cells investigated by GC/MS has been
proposed as an alternative method to FAME [16,17].
However, both FAME and pyrolysis procedures char-
acterize lipids indirectly by analysis of the chemical
derivatives produced during the analytical process [18].
Direct analysis of lipids isolated from organisms has
been studied by fast atom bombardment (FAB) mass
spectrometry [19–21]. Such measurements provide an
adequate analysis, yet are time-consuming.
At present, biological component analysis is heavily
focused on proteomic and genomic analysis as the
ultimate means of biological characterization [22, 23].
Genomic analysis is a useful but slow means of bacteria
identification. Alternatively, proteomic analysis is a
potentially faster method of biological characterization
and classification. Both methods are widely accepted
primarily because of their specificity and utility as tools
for comparisons at the species and sub-species level [5,
24–28]. However, to date, only a limited number of
analyses have focused on the use of lipid membrane
components as a means for complementary bacterial
characterization [9, 29, 30]. The methods described here
for lipid analysis require limited sample preparation to
quickly obtain abundant, accurate mass ion signals
from a conventional MALDI-FTMS analysis of whole
cell bacteria.
Experimental
Mass Spectrometry
MALDI experiments implemented a 9.4 tesla Fourier
transform mass spectrometer (IonSpec, Lake Forest,
CA). The FTMS instrument contains an external ion
source utilizing a quadrupole ion guide to transfer ions
to the ICR cell, which is differentially pumped. MALDI
employed a Nd-YAG laser operating at   355 nm
(New Wave Research, Fremont, CA). The experimental
parameters for operation of the FTMS and ion manip-
ulation are described elsewhere [6].
Sample Preparation
Saccharomyces cerevisiae are grown in tryptic soy broth
(TSB) (Sigma, St. Louis, MO.), with a pH of 7.3 at 35 °C
for 36 h to ensure high organism density and a fully
mature broth culture. Bacteria grown in TSB are com-
bined into 50 mL centrifuge tubes and centrifuged at
about 500 k RCF (relative centrifugation force) for 20
min. The supernatant is poured off and 40 mL TRIZMA
buffer solution (Sigma, St. Louis, MO.) at 35 °C is added
to the sediment, then vortexed to resuspend the bacte-
ria. The cells are again concentrated by centrifugation at
about 500 k RCF for twenty min. The supernatant ispoured off and 1.0 mL of 35 °C TRIZMA buffer solution
is added to the cells to resuspend them. The concen-
trated cells are transferred to 0.5 mL vials, vortexed and
centrifuged at 25 k RCF for ten min to concentrate the
cells. The supernatant is removed and 0.5 mL of a
solution of 50/50 methanol and milli-conductance
deionized water is added. A small portion of this cell
suspension (containing 106 cells or more) is deposited
within 10 min of workup onto a MALDI surface for
analysis [6].
Saccharomyces cerevisiae are additionally grown in
mono-express cell growthmedia (Cambridge Isotope Lab-
oratories, Inc., Andover, MA) depleted of 13C isotope and
enriched in 15N isotope (99.95% 12C and 98 % 15N).
Workup conditions for isotopically manipulated organ-
isms are the same as described above [7].
MALDI
All spectra were obtained using a saturated solution of
2,5-dihydroxybenzoic acid (DHB), dissolved in 90/10
methanol and water. The probe surface is stainless steel,
and is cleaned after each analysis. For MALDI experi-
ments, a sandwich sample preparation technique is
used. A small amount, 0.5 L, of matrix solution is
applied to the stainless steel sample surface and evap-
orated, forming the MALDI matrix surface. Then,
0.7 L of bacterial cell suspension is added and allowed
to dry. Last, an additional 0.5 L of matrix solution is
applied and allowed to evaporate. In FTMS experi-
ments, LiCl is used in either 10 or 100 mM aqueous
concentrations. Each salt solution is applied, after the
deposition of an isotopically depleted bacterial cell
suspension, in 0.5 L aliquots and dried before appli-
cation of final matrix layer.
Data Computations
Computer programs designed to create and explore a
database of possible lipid compositions are written in
Microsoft EXCEL and executed using a Pentium 4 1.6
GHz computer equipped with 768 MB of RAM mem-
ory. Two individual programs are used, one that calcu-
lates all of the molecular mass possibilities and another
that searches the database of mass tables. Using
Christie’s Lipid Analysis [31] and Lechevalier’s review
[10] as guides to the possible lipid compositions found
in S. cerevisiae, the masses of ions corresponding to 37
lipid head groups are calculated with carbon chain
lengths ranging from 0 to 70 and units of unsaturation
ranging from 0 to 5. Chemical compositions arising
from laser-induced fragmentation of phospholipids are
considered based on fragmentation schemes proposed
after observation of data from purified compounds [32,
33]. Each of these compounds is neutral, therefore the
masses corresponding to either H, Li, Na, or K are
added to generate a cation species. Particular attention
is applied to cation substitution by Li salts because it
has been reported that lithium enhances cationization
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bution that allows for an unambiguous interpretation of
Li attachment. The exception is phosphatidyl choline
(PC) with a permanent 1 charge. Protonated phos-
phatidyl ethanolamine (PE) is an isomer of [PC], that
can be identified by observing prompt fragmentations
for both [32, 33]. These calculations resulted in a data-
base look-up-table with 56,232 entries containing pos-
sible lipid compositions and corresponding masses.
Table 1 is a list of the chemical names, compositions,
and abbreviations of the most common lipids and
phospholipids expected for organisms such as S. cerevi-
siae.
Results and Discussion
Accuracy Requirements
Knowing the cation species attached to the compound
of interest allows assignment with a minimum accuracy
of 21.38 ppm. The minimum accuracy needed for a
compositional assignment to any m/z value without
knowing the cation species is 0.38 ppm. The database
look-up-table generated by the computer program is
subjected to analysis similar to one described for pro-
teins [35]. As a result of this analysis, the highest
number of calculated compositions per one Da incre-
ment is found to be 51 at integer mass 1031. These 51
compositions are spread over a 0.607 Da range. Accord-
ing to the analysis, this results in a required accuracy of
11.05 ppm to unambiguously assign a composition to a
measured mass. However, the analysis described by
Zubarev and coworkers [35] does not consider that
compositional masses are not evenly spaced. Mass
differences of less than 0.0001 Da occur in 0.87% of the
cases, making an assignment in such a case impossible
with today’s technology. Table 2 illustrates an example
where five possible assignments with varying accuracy
are listed for the theoretical m/z 585.355. It is clear from
this example that without knowing the cationizing
atom, an accurate assignment is difficult, if not impos-
sible. Mass differences smaller than 0.001 Da occur in
5.76% of the cases in the database. Half of these result
from differences between a hydrogen-cationized spe-
Table 1. Lipids used in mass assignment calculations for S. cere
Chemical name
Phosphatidic acid or phospholipid fragment
Phosphatidyl ethanolamine
Phosphatidyl choline
Phosphatidyl glycerol
Diphosphatidyl glycerol (cardiolipin)
Phosphatidyl inositol
Phosphatidyl serine
Triglyceride -or - triacyl-glycerol
Diacyl glycerol
Monoacyl glycerol
Phospholipid - head group
Fatty acidcies and another potassium cationized species. The
other half are between different hydrogen-cationized
compositions. Therefore, if potassium were definitely
identified based on the mass spectrum, it would be
possible to make these assignments even though accu-
racy is less than 0.001 Da. Mass differences between 0.01
Da and 0.001 Da occur for 18.62% of the compositions.
Such differences are easily resolved with the resolution
and precision achievable by present-day high field
FTMS instruments. In the least favorable case, if the
cations associated with the masses observed in an FTMS
spectrum are definitely identified as lithium (by cation
substitution experiments) the minimum accuracy
needed for absolute identification is 21.13 ppm, which is
required in 1.89% of assignments. Accuracy better than
36.38 ppm is required in 25.27% of the assignments. It is,
therefore, important that high precision and high reso-
lution measurements should be made in conjunction
with cation substitution experiments to accurately iden-
tify the correct lipid. Additionally, it is assumed that
ions in an obvious homologous series (i.e., 2.016 Da
and/or 14.016 Da apart) are associated and thus carry
the same cationizing ion.
To confirm our observations, and in conjunction with
cation substitution experiments, S. cerevisiae were
grown in media depleted in 13C and enriched in 15N,
allowing the determination of the number of nitrogen
atoms in any ion. Wherever the predicted assignment
included one nitrogen atom, the observed mass shifted
1 Da. In all cases where the predicted assignment did
not include nitrogen atoms, the observed mass did not
shift.
S. cerevisiae Mass Spectra
Mass spectra acquired for S. cerevisiae included numer-
ous peaks with average resolving power greater than
90,000 and a calculated average precision of 0.0020 Da.
Figure 1 is a typical mass spectrum of S. cerevisiae. The
structure drawn for the observed m/z 184.074 is the
polar head group for phosphatidyl choline, strongly
indicating the presence of this lipid class. It should be
noted that to obtain the highest resolution in FTMS,
Short name Chemical composition
PA/(PL) C5H7O8P-([R]-CH3)2
PE C7H12O8NP-([R]-CH3)2
PC C10H19O8NP-([R]-CH3)2
PG C8H13O10P-([R]-CH3)2
DPG C13H8O17P2-([R]-CH3)4
PI C11H17O13P-([R]-CH3)2
PS C8H12O10NP-([R]-CH3)2
TAG C6H5O6-([R]-CH3)3
DAG C5H6O5-([R]-CH3)2
MAG C4H7O4-[R]-CH3
PL-HG C5H5O4-([R]-CH3)2visiaeFA HCO2-[R]-CH3
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tion times, ions of low abundance are not detected for
the full duration of acquisition and are averaged out by
the fast Fourier transform (FFT). However, low abun-
dance ions can be observed by transforming fewer data
points, at the cost of lower resolution. For example, ions
with m/z 800 or higher are only evident in an FFT for
512 K data of a 2048 K data acquisition. Use of this
strategy is important because it allows measurement of
less abundant ion masses so as to best characterize an
organism’s lipid and phospholipid profile. Careful ex-
ternal calibrations using poly(ethylene glycol) 600 re-
sulted in mass assignments to ions of significant abun-
dance with an average of 4.3 ppm error. Ions collected
for analysis in the FTMS cell are subjected to broad-
band ion isolation between m/z 200 and 1200 to ensure
minimal space-charge effects by unobserved ions [36].
Only monoisotopic masses are considered for assign-
ments. However, in the case of natural abundance
media, it is difficult to resolve the mass difference
arising from addition of two hydrogens to an unsatur-
ated bond (2.016 Da) from that associated with the
Figure 1. FTMS of S. cerevisiae grown in natu
Table 2. Assignments for the measured m/z 585.355 with varyin
30:4  K] is possible, even if the accuracy was 50 ppm.
Exact mass Lipid short name Chemic
585.2959 [PA 25:2  K] C28H51O
585.3532 [PA 26:1  Na] C29H55O
585.3556 [PA 28:4  H] C31H54O
585.3557 [TAG 30:4  K] C33H54O
585.3921 [DAG 31:4  K] C34H58O
Experimentally Measured Mass  585.355 m/zobserved m/z 184.07 is the polar head group for PC, stpresence of two 13C isotopes in an ion with one lower
degree of saturation (2.007 Da). One way to assess the
relative contributions is to compare the A  2 ion
abundance with that expected by theory for the A  2
13C for the relevant composition. If the abundance is
significantly greater than theory, then hydrogen addi-
tion can be considered a contributor to the ion structure
being detected. Identification of lipids and phospholip-
ids in an FTMS mass spectrum is further validated by
data interpretation techniques using mass defect plots.
Such plots are designed as a rapid visual tool for
analyzing spectra from whole cell bacteria. Mass defect
plots developed in the present study are similar to
Kendrick mass plots [37, 38] and Van Krevelen dia-
grams [39, 40] except that mass tables are not converted
to nitrogen-based 14.000, rather than the measured
normal carbon-based 12.000. Instead, the raw measured
accurate masses are separated into integer and decimal
(fractional mass) parts. Those data are then plotted as
fractional mass versus integer mass, resulting in a plot
in which each observed mass corresponds to a single
two dimensional Cartesian coordinate. Such mass de-
otopic abundance media. The structure for the
uracy. By knowing the cationizing atom, assignment to [TAG
mposition Mass deviation ppm Error
0.0591 100.96
0.0018 3.08
0.0006 1.03
0.0007 1.20
0.0371 63.38ral isg acc
al co
8PK
8PNa
8P
6K
5Krongly indicating the presence of this lipid class.
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calculated exact monoisotopic masses can give rise to
specific fractional masses unique to a given elemental
composition. For example, for every nitrogen atom
(monoisotopic mass: 14.00307 Da) in a molecule, the
fractional mass increases by 0.00307 Da. Similarly, for
every oxygen atom (monoisotopic mass: 15.99492 Da) in
a molecule, the fractional mass decreases by 0.00508 Da.
In the case of lipids and phospholipids, each polar head
group has a specific elemental composition determining
the base fractional mass. Carbon chain length (CH2,
14.016 Da) and unsaturation (H2, 2.016 Da) are the only
variables in the elemental composition that change the
fractional mass within a lipid species. Figure 2 shows
the calculated exact lowest isotopic masses for phospha-
tidic acid (PA), phosphatidyl inositol (PI), phosphatidyl
serine (PS), phosphatidyl ethanolamine (PE), phos-
phatidyl choline (PC), phosphatidyl glycerol (PG),
diphosphatidyl glycerol (cardiolipin) (DPG), triacyl-
glycerides (TAG), diacyl-glycerides (DAG), and mono-
acyl-glycerides (MAG) when viewed in a mass defect
plot. In this plot 6Li is used, rather than the more
abundant 7Li isotope. Assignments restricted to these
ten are based on their occurrence in microorganisms
[41] and their percentages of the total fatty acid compo-
sition as determined by Lechevalier [10].
Mass defect plots are utilized here to highlight
impossible mass defects for the compounds considered,
and suggest chemical compositions for unknown or
unpredicted ions. Ions corresponding to phospholipid
fragments missing the polar head group
[C3H5O4(CH2)n(CH3)2–PO4H2(CH2)2N(CH3)3] were at
Figure 2. Mass defect plot. In the background,
fractional mass versus integer mass. In the fore
visual display of the CH2 and H2 slopes.first classified as unknown, until the fractional mass of
each was revealed to contain four oxygen atoms inclu-
sive of carbon and hydrogen hydrophobic chains.
Knowing what atoms contribute to the mass defect for
each unknown ion aided in the realization that these
ions are possibly fragments originating from phospho-
lipids whose observed m/z values have been identified
in literature from isolated phospholipids [32,33]. Above
the line labeled Lipid Fractional Mass Boundary, the
fractional mass of any peak is inconsistent with ex-
pected values for lipid species and is unknown; these
peaks may arise either from the presence of unknown
chemical constituents or electronic noise. Some metab-
olites rich in oxygen content do have small mass de-
fects. These can be distinguished from common elec-
tronic noise peaks by peak width, which is too narrow
to be considered an ion. Below the line bounding the
lower limit of the calculations, the fractional mass of
any peak plotted is too small to be consistent with
assignment as a lipid or phospholipid. Peptides and
protein fragments can be calculated and plotted accord-
ing to their nominal and fractional masses, similar to
lipids and phospholipids. Possible peptide masses are
described in a similar manner and follow similar anal-
ysis [35]. Misidentification of a mass as a lipid and not
a peptide is also unlikely because lipids follow distinct
patterns of homologous series (i.e., unsaturation and
carbon chain length) similar to a polymer series,
whereas peptides generally do not. The elemental com-
position that governs the chemical makeup of proteins
is richer in oxygen than lipids and therefore, when
plotted in the same manner as the lipids and phospho-
ses for each of 19,008 compositions are plotted,
nd, masses for only [PA  K] are plotted formas
grou
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alized on a mass defect plot, overlapping lipid compo-
sitions only in the low fractional mass region, typically
below 0.3. The majority of the peaks in the low mass
region of mass spectra of S. cerevisiae have fractional
masses that fall within the limits of the calculations for
lipids and plot accordingly in the mass defect plot of
Figure 3. This representation enhances obvious homol-
ogous series not evident in a conventional mass spectral
display. Outlined are groupings of lipids and phospho-
lipids as assigned from data analysis and mass search-
ing the table of lipid compositions and masses. Distinct
clusterings of fragments are easily visualized; so are
species of cationized phosphatidyl choline lipids.
Grouping of ions into distinct regions is expected for
mass defect plots for each of the lipid head groups, and
contributing cation is shared for each grouping; a
feature not evident in conventional mass spectral dis-
play. For organism specificity with respect to MALDI-
FTMS, it should be noted that previous work has
demonstrated bacterial species differentiation [9, 42].
Monoisotopic enhancement, by 13C depletion and
15N enrichment reveals unsaturation and carbon chain
length without confusion from normal isotopic contri-
butions. This also facilitates cation elucidation in cation
competition studies (Figure 4). Resolving power and
signal to noise ratio are improved by eliminating isoto-
pic contributions from carbon through the use of 13C
depleted media, allowing longer signal transients to be
collected and reducing space charge influences [36].
Mass accuracy is improved along with mass precision.
Figure 3. Mass defect for S. cerevisiae cultured
ions into distinct regions is expected for mas
associated cation cluster: a feature not evident in a cTable 3 is a list of masses and assignments to masses
that appear in at least 12 of 16 spectra derived from 2048
K data point acquisitions, taken at 2 MHz ADC acqui-
sition rate. The accurate assignments in Table 3 are
based on reproducibility of abundance and mass accu-
racy compared to calculated exact masses. All reported
masses represent the same m/z ions with an average
0.0020 Da precision over 25 spectra collected at 2048 K
data, which is then processed by FFT at 2048 K, 1024 K,
and 512 K. This is annotated in Table 3. It is important
to include less abundant ion masses to best characterize
an organism’s lipid and phospholipid profile. For ex-
ample, the ion with m/z 824.559 is important in charac-
terizing the fragment ions of m/z 765.486, one of the
more prominent ions in the spectrum. Even when
accuracy, resolution, and confidence are sacrificed by
reducing the number of data points used in an FFT,
there is still valuable information that may be consid-
ered in the characterization of the lipid profile, as
illustrated in Table 4. By searching a spectrum for exact
mass differences for both the trimethylamine loss
[N(CH3)3, 59.074 Da] and the phospholipid head
group loss [PO4H2(CH2)2N(CH3)3, 184.074 Da] the
presence of PC can be determined. Similarly, the exact
mass difference for the phospholipid head group loss of
PE [PO4H2(CH2)2NH2, 141.019 Da] is indicative of PE.
Fragmentation from the parent ions can be used to
distinguish the isomers PC and PE. In these experi-
ments, the exact mass difference of 141.019 Da was not
observed, ruling out PE as a possible assignment for an
isomeric pair. The presence of both exact mass differ-
atural isotopic abundance media. Clustering of
fect plots. Individual lipid head groups within n
s deonventional mass spectral display.
ers.
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ment of PC. However as shown in Table 4, a majority of
the fragment peaks have isomers that cannot be distin-
guished. It should be noted that trimethylamine loss
from PC and PA have the same chemical compositions.
MALDI spectra obtained when specific cations are
added can reveal occurrence of competition between
the added cation and adventitious cations. For example,
when lithium chloride is added to isotopically depleted
(13C and 15N) samples of S. cerevisiae, the lithium peaks
can be identified unambiguously by the presence of
their isotopic patterns. Added Li cations shift peak
masses, as evident in Figure 4, from those observed
during MALDI spectral acquisition in the absence of
such additions. Figure 4b shows the results of the Li salt
addition to an isotopically-depleted Saccharomyces cer-
evisiae sample with each Li identified peak having a
mass shift matched to that of the spectrum in the
absence of Li. It is evident that potassium-cationized
ions dominate the original mass spectrum, likely a
result of the buffer used in microorganism preparation.
When KCl is added, the spectra do not change. Addi-
tion of Li allows choices between alternative sodium
or potassium cationization assignments [43].
Conclusions
The method for lipid analysis by MALDI-FTMS de-
scribed here can be applied directly to in-vivo char-
acterization of lipid compounds. Use of MALDI-
Figure 4. High resolution portion of two S.
Spectrum (a) is the original mass spectrum with
Spectrum (b) results when LiCl is added to the M
for labels where assignments have possible isommeasured accurate mass values combined with massdefect plots is rapid, accurate, and simpler then
conventional liquid chromatographic methods [12].
Intact cell MALDI-FTMS bacterial lipid characteriza-
tion complements the use of proteomics profiling by
mass spectrometry because it relies on accurate mass
measurements of lipid species that are not subject to
post-translational modification or proteolytic degra-
dation.
The present results further establish the utility of
MALDI-FTMS for mass spectral analysis of whole cell
bacteria and complex single-celled organisms. Use of
FTMS provides the needed mass accuracy. Measured
accurate masses from MALDI-FTMS of whole cell bac-
teria, therefore, can be used to identify hydrocarbon
chain lengths and lipid compounds present. Reproduc-
ibility between spectra is excellent and when the
present growth conditions are used, spectra of samples
grown and analyzed a year apart are qualitatively
identical. Identification of constituents of cells, com-
bined with bacterial classification schemes based on
MALDI-identified proteins, may lead to a rapid screen-
ing method for microorganism identification. Further-
more, this method could directly replace the FAME test
and pyrolysis methods
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1672 JONES ET AL. J Am Soc Mass Spectrom 2004, 15, 1665–1674Table 3. Mass assignments for peaks in the FTMS spectrum of S. cerevisiae incubated in natural abundance growth media. Spectra
acquired at 2048 Kb data for a 2MHz ADC scan.
Measured accurate
m/z (Da)
Data points
used in FFT
(Kb)
Measured
precision (Da)
Calculated exact mass
assignment
Calculated
exact
mass (Da)
Mass
accuracy
(Da)
ppm
Error
547.4729 512 0.0010 [PL  HG 32:2  H] 547.4726 0.0003 0.5
559.4132 512 0.0010 [PL  HG 30:1  K] 559.4129 0.0003 0.5
569.4556 2048 0.0011 [PL  HG 32:2  Na] 569.4546 0.0010 1.8
571.4716 2048 0.0019 [PL  HG 32:1  Na] 571.4702 0.0014 2.4
585.4299 2048 0.0017 [PL  HG 32:2  K] 585.4285 0.0014 2.4
587.4459 2048 0.0010 [PL  HG 32:1  K] 587.4442 0.0017 2.9
597.4872 2048 0.0010 [PL  HG 34:2  Na] 597.4859 0.0013 2.2
599.5057 2048 0.0016 [PL  HG 34:1  Na] 599.5015 0.0042 7.0
613.4599 2048 0.0021 [PL  HG 34:2  K] 613.4598 0.0001 0.2
615.4799 2048 0.0008 [PL  HG 34:1  K] 615.4755 0.0044 7.1
641.4934 512 0.0012 [PL  HG 36:2  K] 641.4911 0.0023 3.6
655.3774 2048 0.0016 (PL) C33H61O8PK
 655.3741 0.0033 5.0
683.4094 2048 0.0016 (PL) C35H65O8PK
 683.4054 0.0040 5.9
693.4522 1024 0.0015 (PL) C37H67O8PNa
 693.4471 0.0051 7.4
695.4655 1024 0.0023 (PL) C37H69O8PNa
 695.4628 0.0027 3.9
709.4233 2048 0.0015 (PL) C37H67O8PK
 709.4211 0.0022 3.1
711.4380 2048 0.0012 (PL) C37H69O8PK
 711.4367 0.0013 1.8
713.4421 2048 0.0011 (PL) C37H71O8PK
 713.4524 0.0103 14.4
714.4506 2048 0.0025 [PC 28:1  K] 714.4476 0.0030 4.2
721.4826 512 0.0032 (PL) C39H71O8PNa
 721.4784 0.0042 5.8
726.4514 2048 0.0027 [PE 32:2  K] 726.4476 0.0038 5.2
730.5386 2048 0.0032 [PC 32:2  H] 730.5387 0.0001 0.1
732.5566 1024 0.0011 [PC 32:1  H] 732.5543 0.0023 3.1
737.4524 2048 0.0021 (PL) C39H71O8PK
 737.4530 0.0006 0.8
739.4734 2048 0.0011 (PL) C39H73O8PK
 739.4680 0.0054 7.3
742.4798 2048 0.0021 [PC 30:1  K] 742.4789 0.0009 1.2
744.5565 2048 0.0025 [PE 36:2  H] 744.5543 0.0022 3.0
749.3946 512 0.0033 (PL) C37H68O8PKK
 749.3926 0.0020 2.7
751.4139 512 0.0017 (PL) C37H70O8PKK
 751.4082 0.0057 7.6
752.5242 2048 0.0021 [PC 32:2  Na] 752.5206 0.0036 4.8
754.4831 2048 0.0021 [PE 34:2  K] 754.4789 0.0042 5.6
754.5425 2048 0.0026 [PC 32:1  Na] 754.5363 0.0062 8.2
758.5713 2048 0.0025 [PC 34:2  H] 758.5700 0.0013 1.7
760.5887 512 0.0018 [PC 34:1  H] 760.5856 0.0031 4.1
764.4041 2048 0.0038 [PE 32:2  K2  H]
 764.4034 0.0007 0.9
765.4850 512 0.0033 (PL) C41H75O8PK
 765.4837 0.0013 1.7
766.4269 2048 0.0010 [PE 32:1  K2  H]
 766.4191 0.0078 10.2
766.4906 2048 0.0017 [PC 32:3  K] 766.4789 0.0117 15.3
768.4984 2048 0.0017 [PC 32:2  K] 768.4946 0.0038 4.9
770.5132 2048 0.0018 [PC 32:1  K] 770.5102 0.0030 3.9
772.5168 512 0.0018 [PC 32:0  K] 772.5259 0.0091 11.8
772.5854 512 0.0028 [PE 38:2  H] 772.5856 0.0002 0.3
780.5525 2048 0.0024 [PC 34:2  Na] 780.5519 0.0006 0.8
782.5703 1024 0.0024 [PC 34:1  Na] 782.5676 0.0027 3.5
792.4392 2048 0.0028 [PE 34:2  K2  H]
 792.4348 0.0044 5.6
794.4481 2048 0.0081 [PE 34:1  K2  H]
 794.4504 0.0023 2.9
796.5265 2048 0.0061 [PC 34:2  K] 796.5259 0.0006 0.8
798.5412 2048 0.0013 [PC 34:1  K] 798.5415 0.0003 0.4
820.4718 2048 0.0031 [PE 36:2  K2  H]
 820.4661 0.0057 6.9
824.5595 1024 0.0016 [PC 36:2  K] 824.5572 0.0023 2.8
826.5744 1024 0.0038 [PC 36:1  K] 826.5728 0.0016 1.9
875.5090 1024 0.0015 [PI 34:1  K] 875.5052 0.0038 4.3
885.4359 1024 0.0012 [PI 32:1  K2  H]
 885.4298 0.0061 6.9
913.4686 1024 0.0011 [PI 34:1  K2  H]
 913.4611 0.0075 8.2
Average 0.0020 0.0032 4.3
[PC
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